In this study we investigate the capability of lesions, performed between embryonic day El8 and postnatal day P6, to provoke glial reaction. Two different lesion types were applied: 'severe' lesion (tissue defect) and 'light' lesion (stab wound). The glial reaction was detected with immunostaining against glial fibrillary acidic protein. When performed as early as P0, severe lesions could result in reactive gliosis, which persisted even after a month. The glial reaction was detected at P6/P7 and became strong by P8, regardless of the age when the animals were lesioned between P0 and P5. Namely, a strict limit could be estimated for the age when reactive glia were already found rather than for the age when glial reaction-provoking lesions could occur. After prenatal lesions, no glial reaction developed, but the usual glia limitans covered the deformed brain surface. Light lesions provoked glial reactions when performed at P6. In conclusion, three scenarios were found, depending on the age of the animal at injury" (i) healing without glial reaction, regardless of the remaining deformation; (ii) depending on the size of the lesion, either
immunostaining against glial fibrillary acidic protein. When performed as early as P0, severe lesions could result in reactive gliosis, which persisted even after a month. The glial reaction was detected at P6/P7 and became strong by P8, regardless of the age when the animals were lesioned between P0 and P5. Namely, a strict limit could be estimated for the age when reactive glia were already found rather than for the age when glial reaction-provoking lesions could occur. After prenatal lesions, no glial reaction developed, but the usual glia limitans covered the deformed brain surface. Light lesions provoked glial reactions when performed at P6. In conclusion, three scenarios were found, depending on the age of the animal at injury" (i) healing without glial reaction, regardless of the remaining deformation; (ii) depending on the size of the lesion, either tCorresponding author:
Tel 36-1-215-6920/3695 Fax: 36-1-215-5158 E-mail: kalman@anal .sote.hu healing without residuum or with remaining tissue defect plus reactive gliosis; and (iii) healing always with reactive gliosis. The age limits between them were at P0 and P5. The glial reactivity seemingly appears after the end of the neuronal migration and just precedes the massive transformation of the radial glia into astrocytes. Estimating the position of the appearance of glial reactivity among the events of cortical maturation can help to adapt the experimental results to humans.
INTRODUCTION
The aim of this study is to define the position of the appearance of glial reactivity (namely, the capability of astroglia to react to lesion) in the scenario of the maturation of the cerebral cortex. The glial reaction, which follows lesions of the mature central nervous system (for reviews, see Berry et al., 1983; Femaud-Espinoza et al., 1992; Lindsay et al., 1986; Hatten et al., 1991; Mathewson & Berry, 1984; McMillian et al., 1994; Norenberg, 1994; Reier, 1986; Rudge et al., 1989) , is usually considered a limiting factor for axonal regrowth and regeneration. During development, glial reactivity appears as a pheno-menon of tissue maturation. The appearance of glial reactivity is supposed to be, at least in part, responsible for the disappearance of the regenerative capacity that still exists in the immature central nervous system (Barrett et al., 1984; Firkins et al., 1993; Rudge et al., 1989; Smith et al., 1986; Trimmer & Wunderlich, 1990) .
Most studies question whether glial reaction follows the lesions, if they are performed in the early postnatal days, within a so-called 'critical period'. In the cortex of neonatal rats, Sumi and Hager (1968a,b) produced experimental porencephaly. No glial reaction occurred, but the lesion was lined by the same structures that were found on the non-lesioned pial surface of the brain. Smith et al. (1986) Moore et al. (1987) , stab wounds provoke glial reaction only after postnatal day P12. The most systematic study was carried out by Berry et al. (1983) to establish a correlation between the formation of posttraumatic glial scar and the progress of the postnatal development. According to this report, when the lesion was performed at P5, only a small number of GFAP-positive astrocytes appeared and even these disappeared with time. Lesions that were performed before this age provoked no glial reaction. Invasion of meningeal elements and formation of permanent glial scar followed only those lesions that were performed at P8 or later. Meningeal invasion of the lesion and the formation of new, so-called 'secondary' or 'accessory' glia limitans seem to be essential for the formation of permanent glial scar (Bernstein et al. 1985; Berry et al., 1983; Carbonell & Boya, 1988; Struckhoff, 1995a) . Noteworthily, the above references concern the cortex. Our previous experiments (Ajtai et al., 1997) demonstrated that in different brain areas glial reactivity appears at different ages during development. When stab wounds were performed with a thin needle on the 18 a embryonic day (El 8), reactive glia were observed in the diencephalon, but not in the cortex (Ajtai et al., 1997) .
Investigating the 'critical period', former studies attempted to determine an exact age after which injuries always provoke glial reaction. The question arises, however, of whether an age limit can be estimated to this age, or rather to that age, when the glial reaction has already manifested. In adult rats, the GFAP-positive astrocytes appear in 2 days around cortical lesions (Berry et al., 1983; Bignami & Dahl, 1976; Fernaud-Espinoza et al., 1992; Mathewson & Berry, 1984; Norenberg, 1994 
RESULTS 'Severe' Lesions in Postnatal Animals
The development of glial reactions following P0 lesions is illustrated in Figs, to 7. Reactive glia were not found at 2 days, and were found only in of 9 cases at 4 days; in the others only bleeding and tissue destruction marked the site of the lesion (Fig.  1) . The same situation characterized the majority of animals on the post-lesion day 6, as seen in Fig. 2 . In a few cases (5 of 17), however, GFAP-positive astrocytes were observed around the lesion, although the intact cortex elicits a rather poor GFAP-immunoreactivity at this stage of development. On the 7 th postoperative day, reactive glia were found in almost every animal (4 of 5) in weaker ( Fig. 3) or stronger form. The latter seemed to be more frequent at 8 days after operation (Fig. 4 ) and predominated at 9 and 10 days. As seen in the figures, the reactive glia appeared at first in the deeper part of the wound. This ventriculo-pial gradient of the appearance and intensity of the glial reaction was characteristic of the majority of specimens studied. By the 10th postoperative day, the glial reaction usually progrediated to the pial surface (Fig. 5) . Strong reactive gliosis was still found (in 3 of 4 animals), when the lesion was followed up to 30 days (Figs. 6 and 7).
When animals were lesioned at P2, the sequence of events was similar, but the glial reaction was faster. Whereas no reactive glia were detected at 2 days, at 4 days a weak glial reaction was observed in the depth of the cortex in half the cases (Fig. 8 ) and a strong glial reaction developed by post-lesion day 6 (namely, by age of P8, Fig. 9 ) in the majority of the cases. The same tendency continued when animals were lesioned at P4, P5, and P6. The latency period lasted for 2 days following P4 operations (Fig. 10) . The glial reaction was detectable on the next day (Fig. 11) in the deep part of the cortex and progrediated toward the surface by post-lesion day 4 (namely, by P8, Fig. 12 ). The glial reaction was even faster after P5 and P6 operations (Figs. 13 and 14, respectively), when it developed in 2 days, as in adult animals (see Berry et al., 1983; Bignami & Dahl, 1976; Fernaud-Espinoza et al., 1992;  Mathewson & Berry, 1984; Norenberg, 1994) .
The results are summarized in Table 1, including the data obtained on P animals, which did not contradict the other observations. It seemed that the later the lesion, the faster the glial reaction followed it, when the animals were lesioned between P0 and P5. This correlation is conspicuous when the data are rearranged and demonstrated in relation to those ages when the animals were perfused (Table 2) .
In some P0 animals, no reactive glia appeared after the severe lesion, but a funnel-like deformity remained on the cortical surface (Fig. 15) . Even in that case, when the lesion divided the rostral pole of the telencephalon (Fig. 16) (Fig. 21) . When the animals were lesioned at E20, the observations were similar, but two exceptional cases can be described. One case occurred when a piece of meningeal tissue was inserted into the cortex (Fig. 22 ). This animal survived 14 d. Although GFAP-positive processes This type of lesion was similar to that performed in our former study (Ajtai et al., 1997) on animals El7 to E20, and P0. On the basis of the results shown in Table and 2, only P0, P4, and P6 animals were used, with survival periods of days 4, 6, andin the case of P0 animalsay 10. Reactive glia were found in every P6 animal (4 and 6, according to the survival periods, respectively) and in some P4 animals (2 of 5 and 2 of 4, according to the respective survival periods), but never in P0 animals (4 in every survival period). In the subcortical structuresfor example, diencephalon, striatum, and hippocampusa glial reaction followed these lesions, including those of the P0 animals, although the overlying cortex healed without residua (Fig. 25) . The large brain tracts seemed to be the prime structures for the glial reaction in the developing brain: When either the internal capsule or the anterior commissure (Fig. 26) be detected after lesions that are performed as early as P0 in the rat cerebral cortex, if (i) the survival time extends at least to P7; (ii) the lesion is severe enough to persist throughout this period. These observations modify the picture that is based on former opinions (Berry et al., 1983; Moore et al., 1987) , according to which either no glial reaction or only a transient glial reaction develops in the rat cortex when the lesion is performed within the first postnatal week. It seems, however, that a strict limit can be estimated for the age when reactive glia can already be found, rather than for the age when glial reactionprovoking lesion can occur. In the cortex, the glial reaction was detected by P6/P7, and the reaction was usually strong at P8 or later, regardless of the age when the animals were lesioned between P0 and P5; namely, the later the lesion, the faster the glial reaction. The results suggest that every cortical lesion that can persist up to P5 provokes a glial reaction in 2 d, as observed in adults (Berry et al., 1983; Bignami & Dahl, 1976; Fernaud-Espinosa et al., 1992; Mathewson & Berry, 1984; Norenberg et al, 1994) ; namely, glial reactivity (the capability of astroglia to react to lesion) seems to be acquired fully by this age.
Categorizing our observations, there are three possible scenarios, depending on the age of the animal at injury: i. healing without glial reaction, regardless of the remaining deformation; ii. depending on the size of the lesion" either healing without residuum or with a remaining tissue defect plus reactive gliosis; iii. healing always with reactive gliosis. Therefore, there are two age limits in the development of glial reactivity in the rat cerebral cortex. The first age limit is at P0. Here the subsequent periods seem to overlap, as lesions could heal according to either type (i) or type (ii) (see Fig. 15 and Fig. 6, respectively) , but no cortical lesion that was performed before P0 provoked glial reaction. The second age limit is at about P5; subsequently, the cortical glial reactivity is like that described in adult animals by several authors (Berry et al., 1983; Bignami & Dahl, 1976; Fernaud-Espinoza et al., 1992; Mathewson & Berry, 1984; Norenberg, 1994) . Between these age limits, the glial reaction depends mainly on the size of the lesion. It should be pointed out here that the 'light' and 'severe' lesions applied by us are intended to represent the two extreme forms of cortical injuries. The differences in the results can be explained by individual and maternal differences (for example, in nursing, feeding, or in the antibody titer of milk).
It is of interest to estimate where the appearance of the glial reactivity takes place among the other phenomena of the cortical maturation (see Table  4 ). In general, P10 is considered the end of the main period of cortical maturation (Caley & Maxwell, 1970) . According to our results, glial reactivity appears considerably earlier. Surveying the events of cortical histogenesis, it seems that the full appearance of glial reactivity follows neuronal migration but precedes such important phenomena as the transformation of radial glia, the formation of synapses, or myelination, which is considered an important inhibitor of nerve regeneration Schwab et al., 1993; Sivron & Schwartz, 1994), or apoptosis, which does not provoke glial reaction (Compston et al., 1997 One possible mechanism of the loss of the capability of tissue repair without glial reaction is that after P0, the astroglia lose the capability of restoring the physiological glio-meningeal connection. Berry et al. (1983) suggested that the meningeal invasion determines the formation of glial scar, and that immature tissue can retard this invasion. Other authors also suppose that meninx Appearance of glial reactivity in the scenario of cortical maturation in rat Proliferation of cortical neurons (Berry et al., 1964; Berry et al., 1965; Hicks & D'Amato, 1968) First callosal axons cross the midline (Koester & Leary, 1994; Valentino & Jones, 1982) Lesion never provokes glial reaction Glia limitans is complete (Caley & Maxwell, 1970) Severe lesion can heal either without or with glial reaction Lesion provokes glial reaction depending on its size Migration of cortical neurons (Berry et al., 1964; Berry et al., 1965) Gliai reactivity is like in adults Extracellular space of brain tissue decreases significantly (Caley & Maxwell, 1970) Apoptotic elimination of unnecessary cells (Spreafico et al., 1995 , Zamenhof & Guthrie, 1995 Perivascular glial sheath appears (Caley & Maxwell, 1970) Beginning glial reaction can be observed GFAP-positivity of glia limitans (Bignami & Dahl, 1974a,b) Transformation of vimentin-positive radial glia into GFAP-positive astrocytes (Cameron & Rakic', 1991; Compston et al., 1997; Pixley & deVellis, 1984) Strong glial reaction can be observed Density of vascular system increases significantly (Caley & Maxwell, 1970; Rowan & Maxwell, 1981) Myelination (Caley & Maxwell, 1970; Compston et al., 1997; Jacobson, 1963; Schonbach et al., 1968) Perivascular glia GFAP-positive (Bignami & Dahl, 1974b) Rapid development of neuropil (Caley & Maxwell, 1970; Eayrs & Goodhead, 1959) Corpus callosum reaches its full extent (Valentino & Jones, 1982) Transformation ofradial glia complete (Cameron & Rakic', 1991; Compston et (Scripter et al., 1997; Sievers et al., 1994; Struckhoff, 1995b; Struckhoff & Turzynski, 1995) . Tissue culture studies proved that immature and mature astrocytes are different in their relation to the co-cultured meningeal cells (Abnet et al., 1991; Rudge et al., 1989; Sasaki et al., 1996; Struckhoff, 1995a) . Our case shown in Fig. 22 shows that at E20, the intrusion of the meningeal tissue still did not provoke glial reaction, but rather induced the formation of limiting glia, similar to that seen below the intact cortical surface.
Between P0 and P5, the older the animal at the time of the operation, the more rapid was the glial reaction (see Tables and 2) . In other words, the earlier the lesion was performed, the longer was the latency period of the glial reaction in this stage of development. This phenomenon suggests that the maturation of the 'effector' system of the glial reaction may be the limiting factor. This opinion is in accordance with the results of Sievers et al. (1993) that interleukin-113 did not induce glial reaction in the immature (P0) rat cortex, although it did so in the mature one. When adjusted after prenatal lesions, interleukin-ll3 even promoted the restoration of the glia limitans instead of provoking glial reaction (Scripter et al., 1997) . Lesions that are light enough to heal during the above-mentioned latency period do not provoke glial reaction. This phenomenon can be attributed to the interaction of two concurrent processes, which take place following lesions in this period. One process is the cortical growth by neuronal migration that diminishes the wound or fills it completely. The other process is that glial reactivity is acquired (supposedly by P5), and glial reaction begins around the tissue defect if it is still there. The observation that the onset and the intensity of glial reaction in the cortex showed a gradual decrease toward the more superficial cortical layers as a function of age can be related to the inside-out formation of the cortex, namely, the more superficial the layer, the younger it is. This is, however, only a tendency, as a correlation between the depth of the lesion and the time-schedule of the glial reaction could not be estimated.
The present results are in accordance with our former report (Ajtai et al., 1997 (Levitt & Rakic', 1980; Schmechel & Rakic', 1979) , not postnatally like in rat (Pixley & deVellis, 1984) . In humans, therefore, reactive gliosis has been found in the fetal cortex (Roessmann & Gambetti, 1986a,b 
